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Summary
Oligomerization is important for the structure and
function of many proteins, but frequently complicates
their characterization. It is often desirable to obtain
the protein in monomeric form. Here, we report a
strategy that allows the generation of monomers from
weakly associated oligomers but does not require
knowledge of the three-dimensional structure of the
protein. The dynamics of protein association are used
in solution NMR spectroscopy to identify regions of
the polypeptide chain that are likely to be responsible
for the interaction. Protein sequence analysis further
refines the selection, as conserved sites with moder-
ate hydrophobicity are targeted for modification. Gel
filtration and activity assays straightforwardly reveal
the consequences of the change and are used to
screen for the desired mutants. The strategy is de-
monstrated for the Rac1 binding domain of plexin-B1.
A monomeric variant is generated which preserves
the Rac1 binding activity and the wild-type protein
structure.
Introduction
Proteins predominantly function as oligomers in cells.
For example, a survey of 372 E. coli proteins in the
SWISS-PROT database showed that monomeric pro-
teins account for only about one fifth of the gene pro-
ducts (Goodsell and Olson, 2000). Oligomerization is
known to modulate the energetics and function of most
proteins. Firstly, associated species are generally more
stable than the individual units. For example, several
enzymes exist as stable oligomers in hyperthermophilic
organisms; while monomeric forms, either engineered
variants or mesophilic homologs, are thermodynami-
cally labile at high temperature (Thoma et al., 2000).
Secondly, oligomerization often provides proteins with
novel activity or regulatory mechanisms, as is the case
for multivalent binding and allostery that are formed
by protein association (e.g., Changeux and Edelstein,
1998).
In many systems the biological role of oligomeriza-
tion is not clear and may be an artifact of the solution
conditions, principally the high protein concentration
used in crystallography and NMR. Particularly when the*Correspondence: matthias.buck@case.edu
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3Present address: Pharmacology Graduate Program, Weill Medical
College, Cornell University, New York, New York 10021association affinity between the subunits is weak in vi-
tro (e.g. Kd in the range of 1 M to greater than mM), the
characterization of protein forms can be challenging.
However, it should be noted that the actual strength of
interactions and their possible functional role will be
highly context dependent in vivo. The characterization
of relatively weak associations is important as chang-
ing a single interaction easily increases or decreases
the affinity by several orders of magnitude. The changes
in conformation and activity that occur upon associa-
tion can often be understood with reference to simpler
protein units. Thus, monomerization of proteins pres-
ents opportunities for their structural and functional
characterization, also testing our understanding of the
particular system and our knowledge of protein bio-
physics. Along these lines, the commercial production
of proteins aims at high in vitro folding efficiency and
catalytic stability, making the generation of functional
monomers from oligomeric counterparts an objective
of protein engineering efforts over many years. In sum-
mary, monomeric forms of proteins are of considerable
interest from a biological, basic science and from a
commercial perspective.
It is generally thought that oligomeric proteins
evolved from monomeric ancestors (Bennett et al., 1994,
1995; Xu et al., 1998; D’Alessio, 1995, 1999; Goodsell and
Olson, 2000). Eisenberg and coworkers proposed the
three-dimensional domain-swapping model (Bennett et
al., 1994, 1995) to explain the origin of a significant
number of oligomers. In this model, the hinge loop link-
ing the swapped domains is considered to be most crit-
ical for oligomerization. D’Alessio proposed that oligo-
merization, in general, is the outcome of a “primary”
mutational event that dramatically changes the stability
of the ancestral monomer, leading to association of the
protein for greater stability (D’Alessio, 1999). “Secondary”
mutational events further stabilize the metastable oligo-
mers, but by themselves are not sufficient to promote
oligomerization. These views are consistent with the
finding that mutations at different sites have diverse ef-
fects on the protein structure, function, and/or stability.
Sites, which exert the most profound effects, are called
“hot spots” and are residues that have been highly se-
lected in the proteins evolution (Taverna and Goldstein,
2002; DeLano, 2002). Thus, change in a single side
chain could be sufficient to disrupt oligomerization and
there is considerable interest in the development of
methods that identify residues that are responsible for
protein association.
High-resolution solution NMR is a versatile tool for
the characterization of protein structure, dynamics, and
also for the delineation of biomolecular interactions.
Structure determination of proteins of size less than 25
kDa has become routine when the dynamics of the pro-
tein are favorable (Arrowsmith and Wu, 1998) and
chemical shift assignments of an 81 kDa monomeric
enzyme could be made when techniques such as per-
deuteration, TROSY, and specific labeling are used
(reviewed in Fernandez and Wider, 2003). However, pro-
tein oligomerization poses several challenges for NMR.
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8Molecular size is increased several-fold, thus tumbling a
of the protein is slowed down compared to the mono- o
mer, leading to broadening of the resonances, greater c
signal overlap, and reduced signal to noise. Resonance t
degeneracy hinders the distinction of inter- and intra-
molecular signals and thus complicates structure cal- R
culation. Furthermore, in the case of a weak asso-
ciation between protein units, the dynamics of the I
monomer-oligomer equilibrium is typically unfavorable F
for NMR studies. Intermediate rate chemical exchange W
leads to a broadening, or even disappearance of reso- t
nances for the residues that experience different chem- 1
ical environments between the monomer and the oligo- f
mer (Cavanagh et al., 1996). Such exchange property, t
although detrimental for the measurement of most d
NMR parameters, has been frequently used to map the u
location of residues involved the association interface. e
Thus, in our strategy, sequence segments with missing c
assignments delineate possible interface regions of the t
polypeptide chain that, together with an analysis of the k
protein sequence, guides the selection of sites for mu- m
tagenesis. It should be noted that sites that are not af- f
fected by chemical exchange, are not involved in the u
interface, and usually can be assigned straightfor- m
wardly because the signals are intense. Our strategy a
utilizes the information that is the most straightforward o
to obtain—the regions of the protein that are easy to 1
identify by NMR. Importantly, if the association inter- c
face and conformation of the oligomeric protein is to t
be studied by NMR, the assignment step is a necessary M
part of the analysis. t
The Rac1 binding domain (RBD) of plexin-B1 was e
chosen as the model system to illustrate our strategy. e
Plexins are receptors that detect guidance cues and s
communicate signal path-finding decisions in axons in a
the developing nervous system. Plexins are the first n
known receptors whose cytoplasmic domain interacts d
directly with a small Rho family GTPase, Rac1 (Vikis et o
al., 2000), serving as a functional readout in this case. r
Like many transmembrane receptors, plexins are pre- w
sumed to form dimers in vivo. The crystal structure of
s
semaphorin, a ligand for plexin, suggests that the di-
m
mer-monomer transition of plexins may play a role in
atheir signaling mechanism (Antipenko et al., 2003). Con-
isistent with this inference, we find that the cytoplasmic
Rac1 binding domain alone exists as a weak dimer with
Ra dissociation constant around 25 M. No experimen-
ttally determined structure or homology model for the
ERBD of the plexin family exists at present, and thus this
sprotein served a test case for our strategy.
iIn proteins where no three-dimensional structural
mdata are available, finding a monomer-generating muta-
ntion has been regarded a “lucky hit” amongst many
w“misses”. Here, we propose a two-component strategy
tto guide the selection of sites to be mutated. The first
ccomponent is based upon the frequently observed
abroadening of resonances that arise from residues lo-
ocated at the protein-protein interface in solution NMR,
cas outlined above. The second, discussed below, is
pbased upon sequence alignments and the identification
cof conserved residues and moderately hydrophobic re-
gions. The results illustrate that many outcomes are
apossible, and also caution that some of the changes
may disrupt protein function. Straightforward detection tnd interpretation of the outcomes form a cornerstone
f the strategy. We believe this strategy is widely appli-
able to other systems, whose three-dimensional struc-
ure is still unknown.
esults
dentification of Weak Dimerization by Gel
iltration and NMR
e used a sephadex-75 gel filtration column to assess
he association status of the plexin-B1 RBD (res. 1743–
862). The retention time of the wild-type protein was
ound to be concentration dependent (Figure 1A). At
ypical NMR concentration (0.3 to 1w2 mM), the RBD
omain exists largely as a dimer judging from a molec-
lar weight twice that expected for a monomer with ref-
rence to molecular weight standards. When the con-
entration is decreased to micromolar level (< 10 M),
he protein exists predominantly as a monomer of 13.5
Da. At intermediate concentrations, monomer and di-
er coexist in an equilibrium that is fast on the gel-
iltration timescale, giving population-averaged molec-
lar weights. Taking the midpoint of the transition from
onomer to dimer as a rough estimate of the dissoci-
tion constant, the value of 25 M obtained is typical
f weak interaction between proteins. Inspection of the
5N-1H HSQC spectrum of the wild-type protein at NMR
oncentration (Figure 1B) reveals an uneven distribu-
ion of resonance intensities and signal line widths.
oreover, the number of crosspeaks corresponding to
he backbone amide groups is up to 18 less than that
xpected for this protein, not counting the prolines. The
xact number depends on the concentration of the
amples. In principle, resonance broadening can also
rise from intermediate timescale internal protein dy-
amics. This is distinguished from association-depen-
ent line broadening by the concentration dependence
f the latter. At concentration of 10 M, the missing
esonances appear in the HSQC spectrum recorded
ith a cryoprobe (Figure 1C). Thus, the results are con-
istent with a weak association of the protein. The
issing resonances presumably correspond to those
rising from residues that are located at the dimer
nterface.
esonance Assignments Suggest the Regions
o Target for Point Mutations
xcept for signals at the association interface, NMR
pectra of the plexin RBD are highly resolved, suggest-
ng a well-defined structure for the monomeric and di-
eric forms of the protein. If the protein were to form
onspecific aggregates, the quality of the spectrum
ould suffer more uniformly. Changing solution condi-
ions (pH, temperature, salt concentration, addition of
osolvents: e.g., low concentrations of TFE, DMSO,
nd acetonitrile) can frequently dissociate weak protein
ligomers. In the case of plexin, however, none of the
hanges in solution conditions yielded a significant
opulation of monomeric protein at high protein con-
entration.
Assignment experiments of proteins are not feasible
t micromolar concentrations, principally due to the in-
rinsic low sensitivity of current NMR techniques. Thus,
A Strategy for Protein Monomerization
9Figure 1. Wild-Type Plexin-B1 RBD at Different Protein Concentrations
(A) Retention volume of plexin-B1 RBD on sephadex-75 gel filtration column at different concentrations, measured by UV absorbance at 280
nm, 276K.
(B) 15N-1H HSQC of wild-type plexin RBD at 1.4 mM, 298 K.
(C) 15N-1H HSQC of wild-type plexin RBD at 10 M, 298 K. Each signal in the displayed regions arises from a different amide.in the first instance we recorded NMR experiments
(Sattler et al., 1999) for assignment of the dimeric pro-
tein at 1.4 mM concentration in order to identify all res-
onances belonging to the main chain regions that are
not involved in the association. Close to 60% of the
crosspeaks in the 15N-1H HSQC spectrum of the back-
bone amide groups were assigned in the initial step.
Except unassigned residues in short sequence seg-
ments (less than four consecutive residues), there re-
main three major regions unassigned, i.e., residues
1772–1778, 1782–1800, and 1820–1842 (Figure 2A). Dis-
counting the borders of these segments (one residue
on either side), the regions represent 43 candidates for
mutagenesis in the 120-residue protein and an addi-
tional selection of candidate sites was deemed nec-
essary. make no distinction between conservative and noncon-
Figure 2. NMR Backbone Assignment and Sequence Analysis of the Plexin-B1 RBD
(A) Hydrophobicity scale (Eisenberg et al., 1984) as a measure of polarity and Jnet secondary structure prediction (Cuff and Barton, 2000) of
the plexin RBD. For the hydrophobicity calculation, a window size of 5 was chosen. A lower value indicates a locally more polar region. Other
hydrophobicity scales give nearly identical results. “Jpred” indicates the consensus prediction results of the Jnet method, where H stands
for helical and E stands for extended secondary structure. “Jnet Rel” is the prediction accuracy, scaling from 0 to 9. Residues assigned
initially from spectra of the dimer are shadowed. Prolines are indicated by arrows. A yellow line and a green line are drawn at hydrophobicity
values of 0.5 and 0.7, respectively. Sites chosen for mutagenesis are labeled with +.
(B) Alignment of the RBD of plexin-B1 with members of the protein family from different species. Nonconserved inserts of 26 residues in
R. norvegicus plexin B3 and 7 residues in D. melanogaster plexin B, indicated by black arrows, are omitted in the plot for clarity. Conserved
sites with five or more residues identical in the alignment are shadowed green in the consensus.Point Mutations Are Targeted to Conservative
Residues and Moderately Hydrophobic Regions
We targeted residues that are rather conservative
among different species of plexins (identical in at least
five of eight plexin-B subfamily members as seen in
Figure 2B), as we presume that oligomerization occurs
across the family. Evolution will have resulted in a de-
creased variance of side chains at sites that are critical
for the interaction. However, residues are highly con-
served for a multitude of reasons in proteins, depend-
ing on their importance for protein structure, stability,
and/or function. Thus, 8 out of 43 candidate sites were
excluded, due to their lack of conservation (18, if a
more stringent criterion—at least six of eight identical,
is used). It should be noted that with this example, we
Structure
10Table 1. Mutagenesis, Oligomeric Status, and Activity of Plexin-B1 RBD
Number Mutation Oligomeric statusa Activityb
1 D1773N/D1775N D –c
2 W1830Y M Y
3 W1830S M Y
4 W1830F M Y
5 N1834D D N
6 Q1837M D Y
7 Q1837E D N
8 H1838S M Y
9 H1838W M –
10 H1838S/Y1839S M N
11 Y1839S – N
12 Y1839F M N
13 Y1839E M N
aOligomeric status, D for dimer, M for monomer
bRac1 binding activity as revealed by pull-down assay, Y: mutant binds Rac1, N: mutant does not bind Rac1
cData not availabletwo regions (residues 1772–1778 and 1820–1842) of the or 1837 do not appear to weaken the tendency of the
Figure 3. Association Status of Representative Mutants
Retention volumes of (A) dimeric and (B) monomeric mutants on gel filtration shown in comparison with the retention volume profile of wild-
type plexin-B1 RBD.servative mutations. Furthermore, a selection cut-off p
sbased on conservation will depend on the number of
family members and their divergence in the alignment. o
dThe subset of sites, which are typically conserved
because they comprise the hydrophobic cores of pro- a
teins, may be excluded by a second selection criterion
based on local residue hydrophobicity (shown in Figure C
P2A). While highly polar regions of the polypeptide chain
are unlikely to be responsible for oligomerization, in- A
pvolvement of completely hydrophobic regions would
argue against the notion of a stable monomeric precur- w
psor. Sites in regions with an average hydrophobicity of
0.5–0.7 were targeted (excluding 11 of the 43 candidate a
psites; 17 when combined with conservation, leaving 26
candidate sites). In some instances, several different s
gsubstitutions were chosen for the same site, ranging
from conservative mutations, which would replace pre- s
psumably a hydrophobic contact, a hydrogen bond or
charge, or change the residue size, to mutations that h
ocombine such changes and are envisaged to be more
disruptive to the interface. Thirteen mutants (Table 1) a
Mwere designed for residues located at seven sites inrotein that were difficult to assign. Since change of the
ide chain at a single site can be sufficient to disrupt
ligomerization, it does not matter whether the candi-
ate sites are widely distributed and whether residues
re mutated in all regions.
haracterization of the Mutants by Gel Filtration,
ull-Down Assay, and NMR
ll the mutants were overexpressed and for efficiency
urified utilizing the same procedure as used for the
ild-type protein. Interestingly, not all mutants can be
urified equally well; several did not express as well
nd one precipitated during purification (i.e., Y1839S),
roviding us with a first selection screen (further in-
pection of these mutants by NMR revealed that ag-
regation was increased or that the protein fold was
ignificantly destabilized, e.g., Y1839E, as might be ex-
ected since some of the conserved sites targeted may
ave critical structural roles). The oligomerization state
f the mutants was examined by gel filtration at least
t two different concentrations (Figures 3A and 3B).
utations at residues 1773/1775 and at residues 1834
A Strategy for Protein Monomerization
11Figure 4. Rac1 Binding Activity of Plexin-B1
RBDs
Pull-down assay of untagged wild-type
plexin-B1 RBD, W1830F, H1838S, and Y1839S
with GST-tagged Rac1.Q61L show different
binding activities. Star (*) and arrow (/) indi-
cate the position of GST-Rac1.Q61L and the
plexin RBDs, respectively.proteins to associate, although it is possible that the
mutations were too conservative. The mutants still un-
dergo weak association, leading to a concentration-
dependent elution profile on the gel filtration column.
However, mutations at two other sites, residue 1830
and residues 1838/1839, lead to monomerization of
the domain.
Pull-down assays of the mutants with the plexin RBD
binding partner, activated Rac1 (Q61L mutant), were
carried out to test the binding affinity of the mutants as
a functional readout. Shown in Figure 4 are the results
for mutants W1830F, H1838S, and Y1839S. W1830F
shows binding affinity with Rac1.Q61L comparable to
that of the wild-type protein, while H1838S shows re-
duced binding affinity and Y1839S show no binding af-
finity to Rac1.Q61L in this assay at all. To check the
effect of mutation on the structure of the mutants, a
15N-1H HSQC spectrum was acquired for each protein.
Interestingly, while most of the resonances in the HSQC
spectrum of W1830F (Figure 5A) coincide well with
those of the wild-type protein at low concentration (Fig-
ure 1C), more than 40 signals in the HSQC spectrum of
H1838S (Figure 5B) are not traceable to those in the
spectrum of the wild-type protein. However, the reso-
nances are still well dispersed, indicating a major con-
formational change in certain parts of the protein struc-
ture. Not only protein plasticity, but also examples of
more profound conformational changes that can occur
as the result of a single residue mutation have been
noted in other systems (e.g., Cordes et al., 1999). The
dispersion pattern of the 15N-1H HSQC spectrum of
Y1839E (Figure 5C) bears a resemblance to that of the
wild-type protein but also shows many resonances
near random coil values. These latter signals arise from
a population of protein in the unfolded state, indicating
that the structure is greatly destabilized upon the muta-
tion at site 1839. The HSQC spectrum of mutant
N1834D (Figure 5D) reveals coexistence of two folded
conformations in the solution. A rationalization of the
varied outcomes for some of the mutations will need toawait determination of the structure of the plexin RBD.
However, it is interesting that all four possible out-
comes (dimer/monomer both with and without binding
affinity) are observed, suggesting a partial overlap be-
tween the dimerization and the binding interfaces. For
this reason, we carried out further analysis of the in-
teraction surfaces in this system.
Assignment of a Monomeric Mutant Confirms
the Interface Residues of the Wild-Type Protein
and Shows that This Interface Partially Overlaps
with the Regions Involved in Rac1 Binding
Generation of a well-defined monomeric protein has
been an important step in the determination of the
structure of the plexin-B1 RBD (in progress). In the case
of W1830F, for example, complete backbone resonance
assignment was possible for this monomeric protein in
an efficient manner. When comparing the initial assign-
ment of the main chain of the dimeric form with the
assignment of the monomeric species, we find that of
the 50 missing assignments, 18 were due to missing
resonances (excluding 8 prolines); 8 were due to over-
lap of the resonances. The remaining residues were left
unassigned due to interruption of sequential connec-
tion by either prolines or missing resonances. Together,
these account for the reasons why certain regions of
the main chain are refractory to assignment. Translation
of the completed assignment from the monomeric
W1830F to the monomeric wild-type protein at 10 M
was also straightforward as comparison of the HSQC
spectra shows that the chemical shift perturbation in-
troduced by the mutation is small and local in the
monomer, limited to four amide groups.
With the assignments completed, residues involved
in the dimer interface can be deduced from the inten-
sity ratio of the amide groups at two different concen-
trations (Figure 6). The analysis reveals that the dimer
interface is predominantly located in two regions of
the sequence, i.e., residues 1775–1778 and residues
1820–1835, consistent with the location of sites which
Structure
12Figure 5. Part of the 15N-1H HSQC Spectra of Plexin-B1 RBD Mutants at 298 K
(A) Spectrum of RBD-W1830F shows nearly identical distribution of peaks to that of the wild-type RBD.
(B) Spectrum of RBD-H1838S is also well dispersed but significantly different from that of RBD-W1830F.
(C) Spectrum of RBD-Y1839E shows a population of unfolded protein.
(D) Spectrum of RBD-N1834D shows a coexistence of two conformations.o
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DFigure 6. Identification of the Dimer Interface of the Plexin-B1 RBD
The change of amide signal intensities between HSQC spectra at
two different concentrations of wild-type plexin-B1 RBD at 298 K S
are plotted against protein sequence. Intensity at 0.2 mM was di-
Tvided by that of the corresponding signals at 10 M protein con-
tcentration and normalized to the intensity ratio of the C-terminal
amide Q1862, which is not affected by the association. sn mutation yield monomeric proteins. A third region,
esidues 1791–1803 and a fourth region, residues 1852–
858 are less significantly broadened. Other work in our
aboratory has shown that the principle interaction sur-
ace between the plexin-B1 RBD and activated Rac1
TPase partially overlaps with this dimerization inter-
ace (Y.T. and M.B., unpublished data). This and the dis-
uption of dimerization upon Rac1 binding is consistent
ith reports which suggest that the entire plexin-B1 re-
eptor exists as a dimer and that receptor activation
y extracellular ligand but also by intracellular GTPase
inding is associated with a change in dimerization
tatus (Antipenko et al., 2003; Turner et al., 2004). The
et of monomerization mutations will be useful for test-
ng the functional role of receptor dimerization at the
ntact receptor and at the cellular level.
iscussion
trategies for the Monomerization of Proteins
he great majority of efforts to monomerize oligomers
o date are based on known three-dimensional protein
tructures (Mossing and Sauer, 1990; Rajarathnam et
A Strategy for Protein Monomerization
13al., 1994; Borchert et al., 1994; Breiter et al., 1994; Mul-
len and Jennings, 1998). Even when a three-dimen-
sional structure is available, for example in the case
of triosephosphate isomerase, rational design required
extensive changes to the interface (Borchert et al.,
1994), while a chance mutation showed that a single
mutation can be sufficient for the generation of a fully
active monomer in the same protein (Maithal et al.,
2002). Several studies have examined the physical and
chemical properties of the subunit interfaces of oligo-
mers (Janin et al., 1988; Jones and Thornton, 1995,
1997; Bahadur et al., 2003). Yet interactions of thou-
sands of atoms within a protein are often energetically
networked (Lockless and Ranganathan, 1999; Hed-
strom, 1996), making it difficult to determine which resi-
dues are the most important for a diverse range of in-
terfaces (Ofran and Rost, 2003) even when these are
analyzed based on detailed structural data.
However, considerable progress has been made in
our understanding of protein interaction surfaces (Kor-
temme and Baker, 2002; Guerois et al., 2002; Halperin
et al., 2004) and a number of themes are beginning to
emerge that are relevant for the case considered here;
that is, they can also be applied to the prediction of the
most important interface residues when three-dimen-
sional structural information is not available. Firstly, a
higher than average evolutionary conservation has
been found for residues at oligomer interfaces and this
has been used in predicting which residues are the
most important (Valdar and Thornton, 2001; Valencia
and Pazos, 2002). In the case of the RBD domain of
plexin-B1, mutagenesis sites were deliberately chosen
to be those that are relatively well conserved. Secondly,
a statistical analysis of the side chains that are energet-
ically most important for protein association has sug-
gested that certain side chain types (Trp, Tyr, and Arg)
are predominantly located in hot spots, while others
(Leu, Met, Ser, Thr, and Val) are represented much less
than expected (Bogan and Thorn, 1998; Ma et al.,
2003). Interestingly, as has been pointed out, these re-
sults show a strong correlation with hot spot residues
that are usually moderately polar, suggesting that a
modest dehydration distinguishes protein-protein inter-
faces from the protein core and protein surface. We
note that the three sites that lead to the monomeriza-
tion of the plexin RBD involve Trp, Tyr, and His, and
that the regions involved in dimerization have medium
polarity (Figure 2A). This is consistent with a statistical
analysis of the interface of homodimeric proteins (Ba-
hadur et al., 2003). A more exhaustive mutagenesis and
structural study would be required to establish correla-
tions between residue types and their importance for
plexin dimerization in order to add to this statistical da-
tabase, but we find that our site selection is consistent
with the emerging themes in the field.
Additionally, we noticed that several of the sites
targeted for mutagenesis are located in regions of the
sequence that are associated with weak or ambiguous
secondary structure predictions (e.g., res. 1830 and
1838) and are predicted to be positioned at the termini
of secondary structural elements. These sites may thus
be primed for conformational change that accompa-
nies protein association, a process that frequently in-
volves formation of additional intraprotein hydrogenbonds (Betts and Sternberg, 1999; Fernandez and
Scheraga, 2003). However, secondary structure predic-
tions have to our knowledge not been utilized as a cri-
terion for site selection and our limited survey of pro-
tein-protein interaction hot spots in other systems
revealed no correlation. Nevertheless, residues that are
important for oligomerization may be located at critical
positions in secondary structures. The center position
of edge β strands, for example, has been targeted in
negative design strategies (Richardson and Richard-
son, 2002). Furthermore, the importance of secondary
structure, specifically of hinge loops has recently
emerged with the discovery of domain swapping in pro-
teins as a common means of oligomerization (Rous-
seau et al., 2003; Liu and Eisenberg, 2002). Although
the structure of the plexin-B1 RBD dimer has not yet
been determined, the kinetics of the monomer-dimer
equilibrium suggest that our protein is not domain
swapped.
Limitations, Variations, and Extensions
of the NMR-Based Strategy
Here, we report that NMR can be employed as an addi-
tional strategy for the monomerization of proteins in ab-
sence of three-dimensional structural information. NMR
line broadening is used as a guide for the delineation
of main chain regions involved in the protein–protein
association. A principal limitation is the requirement
that the monomer-oligomer equilibrium has associa-
tion-dissociation kinetics that are on the intermediate
NMR s-ms timescale. Although solution conditions,
principally temperature, and NMR field strength may be
varied to reach this range, many protein associations
are also by nature either very weak (and often nonspe-
cific) or can be strong. These affinities affect protein
kinetics and NMR signals in a way that makes reso-
nance assignments more readily possible but no longer
distinguishes interacting and noninteracting protein
surfaces. In these cases, more elaborate NMR experi-
ments need to be carried out, e.g., by monitoring chem-
ical shift changes in titrations or by measurement of
cross saturation (Zuiderweg, 2002). A second require-
ment is that the goal, a soluble, folded monomer is
achievable by single or few multisite mutations. This
may not be the case for proteins that are only stable in
the oligomeric form. Mutations at sites other than at the
oligomerization surface may be needed to stabilize a
monomeric structure. However, obtaining NMR spectra
that suggest a locally defined interaction surface, as in
the case of plexin-B1 RBD, already imply the mono-
meric protein has a stable fold and has only local con-
formational differences compared to the dimer. If this
were not the case, larger scale or even global transi-
tions upon association would likely obscure the regions
actually located at the interface.
Chemical shift perturbations and resonance line
broadening that occur as a result of protein-protein or
protein-ligand interactions have been used extensively
as tools for mapping of interaction sites (Gao et al.,
2004). These are natural and already popular variants
of the strategy proposed here. However, by contrast to
such mapping experiments, typically requiring full as-
signments for the unbound state, our strategy con-
Structure
14siders the associated state of the protein as the starting u
apoint and can be applied to situations where only this
state predominates. It therefore fills a gap in the reper-
toire of NMR experimental strategies. E
It should be noted that in principle the NMR part of
Tour strategy could be replaced by one based on se-
pquence information alone and by simply choosing a
S
wider range of sites to target for mutagenesis. The bal- (
ance of the two strategy components (NMR versus site s
tselection based on sequence information) may be ad-
sjusted depending on the number of resonances that are
baffected by the protein association. With the plexin
uRBD there is very little change in protein structure upon
n
dimerization; in case of a more extensive change, as- a
signment on the associated species maybe even more t
1informative. Furthermore, it is anticipated that the pro-
9tein surface region affected by the association is rela-
stively decreased as the proteins become larger or un-
aequal in size (less area from the perspective of the
R
larger protein). Extension of the strategy should be pos- w
sible to systems that are considerably larger, because, a
ras mentioned above, perdeuteration and TROSY now
oenable assignment of proteins in complexes as large
pas 81 kDa. In addition, the strategy can be equally well
Bapplied to cases where the interacting proteins are dif-
m
ferent. It should be noted that while our strategy suc- f
ceeded in the disruption of a weak dimer, a variant may t
2be useful in strengthening the protein-protein associa-
tion (currently in progress). This strategy would use the
same experimental techniques employed here but with
Adifferent principles guiding the mutagenesis, because
mutations that create higher affinity interactions are
Wgenerally more challenging to devise. A tighter associa-
r
tion would bring our system into slow exchange on the t
NMR timescale and allow a detailed structure determi- d
Mnation for the oligomer.
B
CConclusions
f
F
The RBD domain of plexin-B1 exists in solution as a l
monomer-dimer equilibrium. A weak association leads
to line broadening of NMR resonances belonging to the
R
residues that are involved in the protein-protein interac- R
tion. This is generally seen as unfavorable for NMR A
studies, but the information obtained can be used in a P
strategic manner: Based on the initial assignments, we
are able to identify regions which are difficult to observe R
because they are located at the association interface. No
Athree-dimensional structural information or model for
Jthe protein is required to generate a monomer, but se-
Aquence conservation and local hydrophobicity is used
m
to further select target sites for mutagenesis. Several
Amutations in the chosen regions disrupt the weak asso-
t
ciation, leading to a monomerization of the protein. Ac-
B
tivity assays and 2D heteronuclear NMR are combined s
to screen for monomeric variants that preserve binding 7
affinity and experience negligible structural perturbations. B
The combined use of molecular biology, biochemistry, p
and NMR will be useful in overcoming the problem of U
weak association and will increase the number of pro- B
teins that are candidates for high throughput solution m
4structure determination, principally by NMR. Further-
more, mutations that lead to monomerization can be Bsed to test the functional significance of the protein
ssociation.
xperimental Procedures
he gene encoding the Rac1 binding domain (RBD) of human
lexin-B1 (res. 1743–1862) was subcloned into pET11a (Novagen).
ite-directed mutagenesis was carried out using QuickChange
Stratagene). Proteins were overexpressed in E. coli BL21(DE3)
train grown in M9 minimal media. 15NH4Cl was supplemented as
he sole nitrogen source, 13C-glucose as the sole carbon source in
amples used for assignment. Weak ion exchange DEAE, hydropho-
ic interaction, and gel filtration (sephadex-75) chromatography were
sed for purification of the wild-type RBDs and mutants. It should be
oted that the dissociation constant obtained from gel filtration is
n estimate at 276 K, as the protein is diluted on moving through
he column. Final buffer conditions were 50 mM phosphate, pH 6.8,
00 mM NaCl, 4 mM DTT, 4 mM MgCl2 for all samples (10% D2O/
0% H2O for NMR). For pull-down assays, GST-tagged Rac1 (con-
titutively active mutant Q61L) was obtained from the E. coli lysate
nd bound to glutathione beads; lysate of the untagged plexin-B1
BD domain or mutants was then loaded onto the beads. After
ashing, the beads were heated in the SDS-PAGE loading buffer
nd the supernatant analyzed using gel electrophoresis. Equivalent
esults were obtained when the binding experiments were carried
ut with GST-tagged plexins and untagged Rac1.Q61L. NMR ex-
eriments were carried out either on a Varian Inova 600 M or a
ruker ICE600 spectrometer equipped with a cryoprobe. Experi-
ents for assignment were carried out on a 66% deuterated, uni-
ormly 15N, 13C-labeled sample at 1.4 mM concentration, 298 K for
he wild-type RBD and on a uniformly 15N, 13C-labeled sample at
mM for RBD-W1830F.
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